Introduction
Dopamine /^-hydroxylase (D ßM ) is a coppercontaining enzyme catalyzing the hydroxylation of dopamine to norepinephrine concom itant with a two-electron oxidation o f ascorbic acid. The num-H 0 \
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c h o h c h 2n h 2 + h 2o ( 1 ) ber of copper ions constituting an active site and the role played by enzyme-bound copper in the re dox events o f catalysis have been m ajor questions in understanding this enzyme's function [1] . In 1984, Klinm an et al. have dem onstrated that two copper ions per subunit are required in D ßM turn over and in mechanism-based inactivation [2] . However, at present there is no spectroscopic evi dence for significant magnetic interaction between copper centers in D/?M, either in the resting form of the enzyme or in the enzyme-product complex, which is greatly different from species observed for the usual Type III copper enzymes [3] . This obser vation raises a central question regarding the D/?M mechanism and structure; how can two copper ions, physically too insulated from one another to prevent magnetic interaction, constitute a site for the binding and subsequent activation o f dioxy gen? Stewart and Klinman suggested separate functions of two copper ions; one copper is p ro posed to be at the core of a "reductant site", where ascorbate binds and delivers one electron at a time, while the second copper at a distance greater 4 Ä is taken as the "active site" copper where dioxygen binding and activation take place [4] . In a series of known copper coordination com plexes and in the protein tyrosinase and in hemocyanin, the two-electron reduction o f dioxygen to (metal-)peroxide involves binuclear copper com pounds where both metal centers coordinate to 0 2 [3] . M ononuclear copper complexes which cata lyze oxidation of organic substrates have not been adequately investigated [5] , and for this reason the mechanism proposed by Stewart and Klinm an for the activation of dioxygen by m ononuclear copper is unprecendented. Therefore more detailed inves tigations on the reaction between copper(I) com pounds and dioxygen are required. M any reports have already been published on this problem [6] , It appears to be difficult to control the concentration of dioxygen in the reaction mixture under the ex perimental conditions previously used, m aking the study on the stoichiometry between copper ions and dioxygen to be critical. In this study we have investigated the reaction between copper(I) com pounds, obtained by electrochemical reduction, and dioxygen in dmso (dimethylsulphoxide) solu tion. In our experimental set-up we can control the concentration of dioxygen in the reaction mixture, and thus our systems are favorable for the investi gation on the stoichiometry involved.
Materials and Methods

M aterials
The ligands used in this study are illustrated be low, and were obtained by published methods. The ligands ( L -R ) and (L~n ) represent mononucleating [7] and binucleating [8] CV measurements in the presence of 0 2 mole cule. Dioxygen gas or dry air was bubbled into the reaction mixture for 20 min at 25 °C, and after this CV measurements were carried out as described above. The concentration of dioxygen in the reac tion mixture (in dmso, 25 °C) was evaluated as 2.1 and 0.47 mM for the solutions saturated by dioxy gen or dry air, respectively, based on the work re ported by Sawyer et al. [9] .
Thin-layer coulom etry and thin-layer CV meas urements. The thin-layer coulom etry and thin-layer CV were done according to published method [10] . The experimental conditions are summarized below.
Thin-layer coulom etry in solution with
2.5, 3.0, 3.5, 4_.0, 5.0 mM
Results and Discussion
ESR Spectral features o f copper compounds
The binuclear copper(II) com pounds used in this study are ESR-detectable as shown in Fig. 1 . The spectra highly depend on the alkyl chain used [8] , This may be due to the presence o f two sepa rated copper(II) centers, the distance between two
copper ions being controlled by the alkyl chains. ESR param eters [7] of mononuclear complexes such as [C u (L -E t)(N 0 3)]+, gM -2.28 and gx = 2.06, are very similar to those observed for D/?M (gN = 2.27, gx = 2.05) [11] , indicating that the coor dination environment around the copper ion of the present binuclear compounds is very similar to that in D/?M.
Electrochemical properties
The representative semi-infinite CV of the m ononuclear and binuclear copper(II) compounds in dm so under Ar are shown in Figs. 2 A and 3 A. The electrochemical data of all the com pounds ex am ined in this study are summarized in Table I the peak current ratio (ipa/ipc) o f these reduction processes are slightly larger than unity, and in crease with the increasing scan rate, showing that the reduction products of these com pounds are weakly adsorbed. Since the value of ipa/ipc ap proaches unity with decreasing scan rate, the re duction of these com pounds is essentially reversi ble. Thus, the reduction processes o f these com pounds are written as follows. 
The binuclear copper(II) com pounds studied in this work exhibit a single two-electron reduction and the formal potentials are com parable to those o f the corresponding m ononuclear ones. F urther m ore, the voltammetric behaviour o f the binuclear com pounds is very similar to that of the m ono nuclear compounds. Based on these results, it is concluded that the binuclear copper(II) com pounds used in this study have two identical and independent redox centers which are equivalent to the m ononuclear compound.
Figs. 2B and 3B show the representative semiinfinite CV of the copper(II) compounds in the presence of dioxygen. Because the formal potential of the 0 2/ 0 2" redox couple is -0 .7 2 V (vs. SSCE) in dmso, 0 2 is electrochemically inactive in the re gion (around 0 V) where the copper(II) complexes used in this study are reduced to copper(I) species. The voltammetric behaviour of the m ononuclear com pounds under 0 2 is little different from that under Ar at a scan rate 0.1 V/s (cf. Fig. 2 ). On the other hand, the presence of 0 2 caused drastic changes in the semi-infinite CV of all the binuclear com pounds; i.e., the reduction process of the bi nuclear com pounds becomes irreversible under 0 2; the value of ipa/ipc decreases to almost zero, as shown in the figures (cf. also Table I ). This indi cates that the binuclear copper(I) species produced by the electrochemical reduction reacts readily with 0 2, although the reaction between m ono nuclear copper(I) species and dioxygen is very slow. The above results strongly imply that two copper ions should participate in the reaction and activation of dioxygen in DßM . The decrease of ipa/ipc to zero was observed for a wide range of cop per ion to dioxygen ratios ([copper(II)]/[02] = 0 .47-1.9) and for all scan rates (0.1 -1 .0 V/sec), except for the (L-px) system. In the case of [Cu"2(L -px)(N 03)2]2+, a partially reversible wave is observed for the semi-infinite CV at a scan rate of 1 V/s as shown in Fig. 4B . This indicates that the binuclear copper(I) species with (L-px) produced by the electrochemical reduction is less reactive to- In order to get more inform ations on the re action between binuclear copper(I) species and dioxygen, further investigations were carried out employing thin-layer CV and coulometry. In the absence of 0 2, the thin-layer CV (Fig. 5 A) of [Cun2(L -6)(N 03)2]2+ exhibits a reversible reduc tion, and ipa/ipc is almost unity even at a very slow scan rate (0.04V/sec). In the presence of 0 2 (0.47 mM, saturated by dry air), ipa is smaller than that observed under Ar as shown in Fig. 5 B. If we assume that the decrease of ipa in the presence of 0 2 can be attributed to the decrease o f the produced copper(I) species due to the oxidation by the reac tion with 0 2 (reaction (4)), we can determine the value o f X in (4), electrons transferred during the reduction process of [Cun(L -6)(N 03)2]2+ is determined as three per one binuclear copper(II) complex even in the pres ence o f excess 0 2. The three-electron reduction was also observed for the corresponding (L-px) com pound. Based on these results, it seems likely that the reduction of binuclear copper(II) com pounds in the presence of 0 2 may proceed as fol lows (total reaction, (9)).
This implies that a (1:1) dioxygen adduct de rived from binuclear copper(I) species (cf. the equation (6) and Fig. 6 A) may exhibit high electrophilicity, leading to a facile (2:1) complex for m ation (equation (7); cf. 
Explanation fo r facile (2 :1 ) complex form ation
Recently N ishida et al. [12] have demonstrated that the peroxide ion in several binuclear copper(II) and iron(III) com pounds exhibits high reactivity towards several organic compounds, and have elucidated its reactivity in terms of the Frontier Orbital Theory. The high reactivity of the peroxide ion in these binuclear compounds has been attributed to the presence o f an unoccupied orbital at rather lower energy, which is composed of a 7r-orbital of the peroxide ion and a metal d-orbital; the presence of such an orbital is sup ported by the recent theoretical calculation of So lomon e t al. [13] (see Fig. 7 ). This orbital can inter act with the occupied orbitals of the substrate in the region indicated by the arrow in Fig. 7 . It is generally known that the com pounds possessing unoccupied orbitals with lower energy exhibit high electrophilicity [14] . This may give a reasonable ex planation for the high electrophilicity of a (1:1) dioxygen adduct of binuclear copper(I) species [12] and thus facile (2:1) complex form ation (cf. Fig. 6 ).
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